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1. 

CYCLE-ACCURATE REPLAY AND 
DEBUGGING OF RUNNING FPGA SYSTEMS 

RELATED APPLICATION 

The present application claims the benefit of U.S. provi 
sional patent application 6 1/898,878, filed Nov. 1, 2013, the 
entire content and disclosure of which is incorporated herein 
by reference. 

BACKGROUND 

There are several tools available for verification of hard 
ware description language (HDL) designs in simulation. 
Most of the functional bugs can be detected and fixed in 
simulation where each bit in the design can be observed at 
every clock transition. However, once the design goes into 
field-programmable gate array (FPGAs) the observability is 
typically reduced. 

The most difficult bugs to find are those that are difficult to 
reproduce. These are typically due to either unexpected data 
values that occur in deployment (but not in testing) or to 
Subtle timing-dependent properties that are due to non-deter 
ministic behavior of various physical components of the sys 
tem. 

Generally tools are used to record values of various signals 
in the chip instead of a simulation program. 

SUMMARY 

In one aspect of the present invention a method is imple 
mented at least in part in a field-programmable gate array 
(FPGA) for analyzing the FPGA is provided, the method 
comprising: determining, by the FPGA, a plurality of events 
that occur in the FPGA; associating, by the FPGA, a times 
tamp with each of the determined events; and creating, by the 
FPGA, a log of the events and respective timestamps. 

In another embodiment a computer program product for 
analyzing a field-programmable gate array (FPGA) is pro 
vided, the computer program product comprising a computer 
readable storage medium having program instructions 
embodied therewith, the program instructions executable at 
least in part by the FPGA to cause the FPGA to perform a 
method comprising: determining a plurality of events that 
occur in the FPGA; associating a timestamp with each of the 
determined events; and creating a log of the events and 
respective timestamps. 

In another aspect of the present invention, a computer 
implemented system for analyzing a field-programmable gate 
array (FPGA) based upon a log of FPGA events and respec 
tive timestamps is provided, the system comprising: an input 
element configured to receive the log, a replay element con 
figured to utilize the log to replay a prior FPGA execution in 
a simulation; and an output element configured to output the 
simulation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various objects, features and advantages of the present 
invention will become apparent to one skilled in the art, in 
view of the following detailed description taken in combina 
tion with the attached drawings, in which: 

FIG.1 depicts a block diagram of a tool framework accord 
ing to an embodiment of the present invention. 

FIG.2 depicts a block diagram of a tool framework accord 
ing to an embodiment of the present invention. 
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2 
FIG.3 depicts a benchmark table according to an embodi 

ment of the present invention. 
FIG. 4 depicts a results graph according to an embodiment 

of the present invention. 
FIG. 5 depicts a results graph according to an embodiment 

of the present invention. 
FIG. 6 depicts a maximum synthesized clock frequency 

table according to an embodiment of the present invention. 
FIG. 7 depicts a log size recorded table according to an 

embodiment of the present invention. 
FIG. 8 depicts a block diagram of a conventional system. 
FIG.9 depicts a block diagram of a system according to an 

embodiment of the present invention. 
FIG. 10 depicts a block diagram of a system according to 

an embodiment of the present invention. 
FIG. 11 depicts a block diagram of a system according to 

an embodiment of the present invention. 
FIG. 12 depicts a block diagram of a method according to 

an embodiment of the present invention. 
FIG. 13 depicts a block diagram of a system according to 

an embodiment of the present invention. 

DETAILED DESCRIPTION 

As described herein, a tool, also referred to as the inventive 
tool framework or the inventive tool, records a log, or trace of 
all sources of non-determinism in the system. In most of the 
cases, its enough to log all transitions and the exact times 
tamps at all the entry and exit points of the system. By using 
this information it is possible to recreate a cycle accurate 
execution of the hardware system in simulation. Unlike 
CHIPSCOPE (ChipScope Prosoftware and cores. Tech. Rep. 
UGO29(v14.3), XILINX, October 2012) and SIGNALTAP 
(ALTERA SIGNALTAP (Design debugging using Signal 
TapII logic analyzer. Tech. Rep. QII53009-13.0.0. Altera, 
May 2013. Quartus II Handbook, Chap. 13)) which let you 
monitor a small number of signals in the design, various 
embodiments of the inventive tool provide visibility into the 
whole system. 

Various embodiments of the inventive tool provide a num 
ber of benefits. First, a failing execution can be replayed as 
often as needed to find the source of the problem. Second, the 
developer has full visibility into the design, and can examine 
the value of any signal in the simulator (in one example, you 
would only need to use certain events in the design and then 
you could see anything in hardware in the simulation). 
Hypotheses can be quickly formed, tested, and revised. This 
essentially takes away the guess work and significantly 
reduces failure to recovery time. 

According to the present invention, in Such a cycle-accu 
rate replay system, when the log becomes full, the ability to 
replay can come to an end. This issue can be reduced by 
providing the ability to stream the log to DRAM and/or 
SRAM, which provides an expanded capacity (e.g., over the 
on-chip BRAM used by tools like CHIPSCOPE). 

According to the present invention, there is a possibility of 
certain delays: at some point the off-chip buffer can overflow. 
However, it has been found that many problems can be effec 
tively diagnosed with the buffer sizes available. 

According to an embodiment of the present invention, for 
bugs that manifest only in long executions, the inventive tool 
could be extended with Snapshot-based techniques (e.g. S. G. 
Hanono. InnerView hardware debugger: A logic analysis tool 
for the virtual wires emulation system. Master's thesis, MIT, 
1995), although the snapshot itself would constitute a possi 
bly significant probe effect. 
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Reference will now be made to the design and implemen 
tation of a tool framework according to one embodiment. In 
this example, the inventive tool framework comprises two 
components: an FPGA-based runtime component and a host 
based trace processor called inventive tool Player. The FPGA 
based runtime component does data logging and retrieval 
during execution either in a software-hardware (SW-HW) 
codesign system or in a standalone hardware system. The 
inventive tool Player comprises a harness which uses the trace 
to do a system level simulation to replay the FPGA execution 
in a cycle accurate manner. The harness itself can be written 
in a high level language and hooked to the HDL code of the 
design-under-test (DUT) via programming language inter 
face (PLI), or written entirely in HDL. 

Referring to the on-chip component, the instrumentation 
embedded into the user design in FPGA comprises three 
components which handle logging of debug data on multiple 
channels, storage, and readback. The on-chip component 
includes a recorder, a backing store, and a reader as described 
below. 

The inventive tool recorder supports a configurable number 
of debug channels and channel bit-widths. Also each debug 
channel can belong to a completely different clock domain. A 
high level block diagram of recorder 101 is shown in FIG. 1. 
FIG. 1 shows the primary control signals and data signals for 
debug channel 0 (the rest of the signals have not been included 
in order to simplify the diagram). The recorder is controlled 
by a global signal Start. Any debug data arriving before Start 
is asserted is ignored. Debug data on each channel is times 
tamped and queued in an asynchronous FIFO. The FIFO 
serves two roles: acting as a temporary storage, and facilitat 
ing clock domain crossing of the debug data from debugclock 
domain to the inventive tool clock domain. Also, each queue 
can be individually sized at compile time to match the rate at 
which data is transacted at each interface. In various experi 
ments (described below) each queue was set to store 512 
items. 

Referring to FIG. 1, the recorder selects one of the debug 
queues using an eager Round-Robin topology 103; selecting 
the first non-empty debug queue in a circular manner. Fair 
ness in channel selection may be ensured by selecting a chan 
nel for just 1 clock cycle. A weighted Scheduling topology is 
also built in the arbiter. The data retrieved from the FIFO is 
prefixed with the channel identifier. Since each debug channel 
can have an arbitrary data width which can be different from 
the width (burst size) of the backing store, data is fed to a 
marshaller 105 which produces output matching the width 
(burst size) of the backing store. Output of the marshaller is 
enqueued in a FIFO. Data from the FIFO is then sent to the 
memory controller to be written into the backing store. 
The recorder 101 is instrumented with a number of statistic 

counters per debug channel which keep track of events such 
as total number of transactions, number of dropped transac 
tions, time offirst drop, etc. These counters are quite costly (in 
terms of hardware) but very valuable because it is important 
to precisely know if data has been dropped on any channel and 
the timing of it. The trace is only useful until the point no data 
is dropped on any channel. It becomes useless after the time 
data has been dropped because after that point it is not pos 
sible to replay the execution with high fidelity. 
The recorder generates an Error signal whenever one of the 

following conditions occurs: 1) data on one of the channels is 
dropped; 2) the backing store becomes full. The Error signal 
is used to mask any further write of debug data into the 
queues. When condition 1 occurs, all the pending data from 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
the queues is drained into the backing Store. However, in 
condition 2 any data in the queues and the internal registers is 
discarded. 

Referring now to the backing store, the inventive tool can 
be configured to use different types of backing stores, based 
on on-chip and/or off-chip memories. FPGA boards very 
frequently have a number of off-chip memory modules Such 
as SRAM, DRAM, Flash, etc. and often all memory modules 
are not used by the user application. Under Such conditions, 
users can easily exploit the unused off-chip memory module 
and use it as the inventive tool backing Store. In cases where 
off-chip memory is unavailable, either because it is being 
used by the application orthere may not be one present on the 
board, on-chip BRAMs can be used as the backing store. 

Referring now to the inventive tool reader, the reader is 
responsible for reading the trace from the backing Store and 
sending it to the host. The trace readback is controlled by a 
Read signal. The Read is controlled by the host via a register 
write. FIG. 2 shows a simplified block diagram of the reader 
module 201. The reader generates a read request and a read 
address for the backing store until all the trace has been read. 
The trace received from the backing Store is queued in an 
asynchronous FIFO to send the data from the inventive tool 
clock domain to the application logic clock domain. The data 
is then marshalled 203 to convert the width which corre 
sponds to the memory width (burst size) to the communica 
tion channel width. 

With regard now to the host-based trace processor, or 
inventive tool player, a simulation framework is provided to 
replay the execution in HDL simulation using the trace 
obtained from FPGA. In this example, the player comprises a 
SYSTEMVERILOGharness which reads the trace, generates 
test vectors for the design, and verifies the result. Since the 
trace provides precise timing information for all the inter 
faces, the harness not only generates data and verifies result 
but also verifies the exact timing of the each input and output 
transaction. The simulation uses the same set of design files as 
used for synthesis. Since this example drives all the external 
interfaces of the design under test, this example can run 
simulation, view and debug any signal in the design in the 
same way as for functional simulation. 

Reference will now be made to a number of case studies. In 
these case studies, several functional and runtime failures in 
FPGA systems have been analyzed using the inventive tool 
for applications written natively in HDL as well as in LIME 
(from IBM) HLS framework, which is discussed below. 

In the first case study, while testing the MERSENNE 
TWISTER application, an algorithm for pseudo random 
number generation), it was found that after running the appli 
cation for some time the user application in the FPGA started 
returning malformed packets to the host. This led to a null 
pointer exception in the LIME harness. No conclusive analy 
sis could be done based on the data log at the host side. The 
design was instrumented with the inventive tool and it was 
found that the user application produced a very large amount 
of data in response to a trigger from the host. However, the 
host was not draining data from the FPGA fast enough. This 
led to back-pressure being applied from the FPGA service 
layer to the user application layer. With the inventive tool it 
was confirmed that packets were being correctly generated by 
the user application layer but most likely being corrupted by 
the FPGA service layer. Since the FPGA service layer was 
provided by a third party the problem was circumvented by 
operating at larger packet sizes. 
The second case was a bug in the DRAM controller for the 

MEMOCODE 2013 design (Memocode is a conference 
which organizes a design competition every year; Memo 
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code2013 refers to the design problem which was a part of the 
Memocode 2013 design contest). The user design consists of 
a compute kernel and a load store unit (LSU). The LSU was 
responsible for fetching data from DRAM and storing the 
result from the compute kernel into DRAM. This MEMO 
CODE design is very memory-intensive, requiring 320B of 
data to fire the compute kernel which produces a 64B result. 
The compute kernel is fully pipelined so it can accept 320B 
every cycle and produce a 64B result. To maximize compu 
tational throughput, the LSU was designed to generate a read 
request every cycle. Although the design worked correctly in 
simulation, the test never finished execution in the FPGA. The 
only difference was that simulation used an ideal behavioral 
model of the memory controller and memory. Using the 
inventive tool it was found that after accepting and serving 
several read requests, the memory controller stopped return 
ing any data. This caused the LSU state machine to deadlock 
waiting for the data from memory. As a remedial measure the 
LSU was throttled to work in short bursts, pausing after 
producing a small number of read requests and waiting for all 
the requests to be served. Throttling the design had no effect 
on the overall performance because the memory bandwidth 
was able to be saturated even with a throttled design. 

The third case is related to a networking interface. A 10G 
MAC and UDP core (UDP is a network protocol) were 
licensed from a third party to develop a network-based appli 
cation. Initially, loopback testing was used to measure the 
latency and throughput of the 10G link. The latency test 
iteratively does a blocking send followed by a blocking 
receive, and the throughput test spawns separate send and 
receive threads which act concurrently. The latency test 
worked fine in this setup but the throughput test failed after 
sending and receiving a few packets. WIRESHARK was used 
to monitor the 10G interface at the host side and the FPGA 
design was instrumented with the inventive tool. Initially the 
bug was suspected to be in one of the network stack layers in 
the FPGA. However, both WIRESHARK and the inventive 
tool showed the same number of outgoing and incoming 
packets. Thus it was verified that the FPGA was operating 
correctly, and the problem resided in the host user software 
code or in the networking stack of the host CPU's Ethernet 
card. 

Reference will now be made to an experimental method 
ology in which the inventive tool was evaluated using 6 
benchmarks: DES (DES is data encryption standard), GZIP 
(GZIP is encryption standard), MERSENNE, N-BODY. 
UDP, and MEMOCODE2013. Four out of the six bench 
marks: DES, GZIPMERSENNE, and N-BODY were written 
entirely in LIME (J. Auerbach et al. A compiler and runtime 
for heterogeneous computing. In DAC, pp. 271-276, 2012). 
These programs were then compiled via the LIQUID METAL 
(from IBM) HLS tool to generate VERILOG, which is then 
synthesized using FPGA vendor synthesis tools. The UDP 
benchmark implements echo on an incoming UDP stream. 
The echo function was written in LIME but the UDP framer 
and deframer were implemented directly in VERILOG. 
MEMOCODE2013 (E. Nurvitadhi. Memocode 2013 hard 
ware/software co-design contest: Stereo matching. In 
MEMOCODE, 2013) benchmark is based on the design con 
test organized as a part of the MEMOCODE 2013 confer 
ence. The MEMOCODE2013 design was entirely imple 
mented in VERILOG. 

These benchmarks were chosen from different application 
domains and were good representatives of the type of appli 
cations implemented on FPGAs. These benchmarks were 
chosen so that the applicability of the inventive tool could be 
demonstrated with different number and size of debug chan 
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6 
nels. The Table of FIG.3 shows the inventive tool configura 
tions for different benchmarks. DES, GZIP MERSENNE, 
and N-BODY each have 2 debug channels of 16B width. UDP 
has 4 debug channels of width 14B, 8B, 16B, and 16B respec 
tively. MEMOCODE2013 has 6 channels of width 69B, 64B, 
32B, 32B, 16B, and 16B respectively. 

Each of the benchmarks was paired with XILINXCHIP 
SCOPE and three different inventive tool configurations: (1) 
the inventive tool with BRAM, (2) the inventive tool with 
SRAM, (3) the inventive tool with DRAM. CHIPSCOPE ILA 
and ICON cores (CHIPSCOPE PRO software and cores. 
Tech. Rep. UGO29(v14.3), Xilinx, October 2012) for differ 
ent configurations were generated using XILINXCOREGEN 
tool. The CHIPSCOPE ILA cores for all the benchmarks, 
except MEMOCODE2013, have sample data depth of 8192. 
For MEMOCODE2013 a depth of 1024 was used because for 
any other configuration the large number of debug channels 
and wide data path resulted in over mapping of BRAM 
resources. To ensure fair comparison, the inventive tool 
/BRAM configuration was set to have the same amount of 
storage, albeit in different aspect ratio. Also, the data width of 
the backing store in the inventive tool/BRAM was set to 16B. 
This is a compile time parameter and users can set a data 
width which suits the applications requirement. The inventive 
tool /BRAM depth is adjusted so that the total available stor 
age is same as the storage used by the CHIPSCOPE ICON 
cores collectively. In case of the inventive tool/SRAM and the 
inventive tool /DRAM the memory configuration used was 
that provided by the FPGA board. 

For these experiments, a NALLATECH PCIE287 (Nallat 
ech. Nallatech PCIe-287 FPGA network processing card, 
March 2013. NT190-0461 version 1.7) board was used which 
consists of 2 XILINX KINTEX7 K325T FPGAS. The KIN 
TEX7 K325T is a mid-range 7-Series FPGA device consist 
ing of 50,950 Slices, 840 DSPSlices, and 890 18 Kb BRAMs 
(Xilinx 7 series FPGAs overview. Tech. Rep. DS180, Xilinx, 
July 2013). Each FPGA on the PCIe287 board is connected to 
a bank of 1 GB DDR3 SDRAM and 3 banks of 9 MB QDR-II 
SRAM. The board provides 8-lane PCIe 2.0 interface to con 
nect with the host machine. Each user FPGA on the board is 
also connected to 21G/10G Ethernet ports. XILINXISE 14.5 
was used for synthesis and bitstream generation. 
An analysis of the results is given below. The first analysis 

is of the static measurements of the 4 synthesized configura 
tions. For resource utilization (Slices and BRAMs) the four 
non-networking LIQUID METAL benchmarks (DES, GZIP 
MERSENNE, and N-BODY) were almost identical, which is 
not surprising since they are instrumented with the same 
width and number of debug channels. Therefore presented is 
just one averaged set of measurements for these quantities, 
labeled “LIQUID METAL/PCIe” in FIG. 4. 

Also note that since the MEMOCODE benchmark itself 
makes use of DRAM, and the DRAM channels are being 
logged, the DRAM can not be used for logging. Therefore 
DRAM results for MEMOCODE are labeled “NFA. 

FIG. 4 shows the Logic resource utilization in slices. The 
slice count is broken down into the logic required by the 
CHIPSCOPE or the inventive tool logging infrastructure 
itself (“Infrastructure') from the IP block for the external 
memory (“Memory Controller'), in the configurations where 
it is used. 

First, it is seen that the largest difference in slice usage 
between CHIPSCOPE and the inventive tool is due to the 
memory controllers themselves. The DRAM controller in 
particular consumes around 3000 slices, while the SRAM 
controller consumes around 1000 slices. The DRAM control 
ler is larger (around 3000 slices versus around 1000 slices) 
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both because DRAM is inherently more complex, but also 
because on the NALLATECH board it has a much widerburst 
size and uses more IO pins. 

Second, slice count increases for both CHIPSCOPE and 
the inventive tool as the width and number of debug channels 
increases, which is to be expected. 

Third, depending on the configuration, the inventive tool 
may use more slices than CHIPSCOPE, depending both on 
the configuration and the memory interface cost. 

Overall, the inventive tool generally consumes more on 
chip logic than CHIPSCOPE, but differences are dominated 
by the memory controller. In those cases, the trade-off is that 
the external memory provides a log which is orders of mag 
nitude larger, as shown below. For the KINTEX 7 chip that 
was used, even the largest inventive tool configuration only 
consumed 10.1% of the slices on the chip (versus 1.9% for 
CHIPSCOPE). Overhead can become an issue on smaller 
devices. 

FIG.5 shows the Block RAM resource utilization. In addi 
tion to breaking down BRAM usage due to the Infastructure 
and Memory Controller, also shown is BRAM usage for the 
log itself, when the log is being stored in BRAM rather than 
off-chip (CHIPSCOPE and the inventive tool /BRAM). For 
CHIPSCOPE, there is not visibility into the design so all 
BRAMs are attributed to the log; it is believed that a small 
number are used for buffering. 

Also note that for the MEMOCODE benchmark, because 
the log entries are wider, the BRAM logs were configured for 
1K entries (compared to 8K for the other applications), since 
otherwise neither CHIPSCOPE nor the inventive tool 
FBRAM was able to fit. 

The key insight from these measurements is that when 
logging to external memory, significantly fewer BRAMs can 
be used than when logging to the BRAM itself. This is impor 
tant to quantify. Since the DRAM module is more complex, it 
consumes more BRAMs than the SRAM module. 

Even though the inventive tool consumes more slices, it 
consumes fewer BRAMs when logging off-chip—while pro 
viding greatly expanded log size and greater functionality. 
Due to the inventive tool being complex, when logging to 

BRAM, there is a penalty paid for the infrastructure. The 
inventive tool records not only data but also timestamp and 
channel identifier, making the log entries larger in size. This 
can be seen particularly in the two LIQUID METAL bench 
marks (see FIG. 5), where the inventive tool/BRAM configu 
ration consumes almost twice as many BRAMs as CHIP 
SCOPE. For the MEMOCODE benchmark, since the 
channels are wider, the timestamps consume proportionally 
less data and the imbalance is Smaller. 

However, since the inventive tool uses a single log buffer, 
the comparison is not entirely one-to-one. When applications 
record a variable number of entries on the different channels, 
the inventive tools use of a single log avoids fragmentation 
and may allow lower resource utilization in practice. 

FIG. 6 shows a table exhibiting the frequency. To measure 
the impact of debug instrumentation on the synthesized clock 
frequency of the benchmarks, each of the benchmarks was 
iteratively synthesized without any instrumentation (“Base') 
until the maximum clock frequency was achieved. The 
benchmarks were then instrumented with the inventive tool 
and the three inventive tool configurations at that target fre 
quency. For the inventive tool, since the data logging is in a 
different clock domain, synthesis was attempted to maximize 
the clock frequency of the inventive tool without impacting 
the target frequency of the benchmarks. 

Referring to the Table of FIG. 6, it is seen that this Table 
shows the synthesized clock frequency for CHIPSCOPE and 
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8 
the three inventive tool configurations for all the benchmarks. 
As discussed above, MEMOCODE2013 benchmark cannot 
be used for logging since it uses DRAM to store application 
specific data. 
The CHIPSCOPE-based design was able to meet the target 

clock frequency of the “Base' design for all the benchmarks 
except MERSENNE. Instrumenting MERSENNE bench 
mark with CHIPSCOPE led to a timing error. While CHIP 
SCOPE-based design suffered from frequency degradation, 
instrumenting the “Base' design with the three inventive tool 
configurations did not result in frequency degradation for any 
of the benchmarks. However, the Table of FIG. 6 shows the 
clock frequency in the inventive tool clock domain decreases 
as the number and width of the debug channels increases. 

Running the inventive tool logic at the highest frequency as 
possible mitigates the backpressure on the debug channel 
buffers (ideally, the frequency of the inventive tool should 
match the throughput of the backing store). The timing report 
after synthesis was analyzed and it was found that the longest 
critical path in the inventive tool is in the selection and seri 
alization logic of debug data from different channels. 

Reference will now be made to dynamic measurements of 
the benchmarks running under the different logging configu 
rations. 

According to the present invention, a property of interest is 
the length of time it takes an execution to be logged and 
replayed. This is influenced by three factors: the natural 
length of execution of the application, the size of the log 
memory, and the ability of the logging infrastructure to keep 
up with the data and properly buffer it and stream it to the log. 

In some cases, if the application and the instrumentation 
are producing data at a high, sustained rate, it can be impos 
sible for the log to keep up. 
The results are shown in the Table of FIG. 7. For each 

configuration, it is reported how much "clean' log data was 
recorded: that is, until logging was stopped either because the 
application finished (“Completed'), the log buffer become 
full (“Overflow) or the logging module was unable to keep 
up (“Drop') in which case the report includes the real time at 
which this occurred in the execution. 

In general, BRAM logs, whether for CHIPSCOPE or the 
inventive tool, are limited by capacity and almost always 
overflow (see the tabulation in FIG. 7). The inventive tool, 
when logging to SRAM results in one of the following three 
conditions: (1) Successfully logs the trace as in the case of 
DES and N-BODY; (2) results in overflow as in the case of 
UDP; (3) drops data as in the case of GZip, MERSENNE, and 
MEMOCODE. The overflow and dropping of data is due to 
the relatively low bandwidth of the SRAM memory on the 
NALLATECH 287 board. 
On the other hand, when used with DRAM, the inventive 

tool usually completes the application because of the 
DRAM's larger memory space, which allows the full trace to 
be recorded, and the wide DRAM interface allows log data to 
be streamed out as fast as it is created. 

FIG. 8 shows a block diagram of a conventional system. As 
seen, FPGA801 includes core 803, core 805, PCIe controller 
807, 10G MAC+network stack 809 CHIPSCOPE ILA 811, 
CHIPSCOPEILA813 and CHIPSCOPEICON 815. In add 
tion, host 817 communicates via communication device 819 
With CHIPSCOPE ICON 815. 

FIG.9 shows a block diagram of a system according to one 
embodiment. As seen, FPGA 901 includes core 903, core 
905, PCIe controller 907, 10G MAC+network stack 909, 
backing store 911 (on FPGA901) and the inventive tool 913. 
The inventive tool 913 obtains data (e.g., debug data) at, for 
example, points A, B, C and D. In addition, the inventive tool 
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913 carries out data communication with backing store 911 
and PCIe controller 907 (which, in turn, may communicate 
with elements outside the FPGA (e.g., a host such as a laptop 
computer, a desktop computer, a server or the like)). 

FIG. 10 shows a block diagram of a system according to 
another embodiment of the present invention. As seen, FPGA 
1001 includes core 1003, core 1005, PCIe controller 1007, 
10G MAC+network stack 1009, backing store 1011 (external 
to FPGA 1001) and the inventive tool 1013. The inventive tool 
1013 obtains data (e.g., debug data) at, for example, points A", 
B', C and D'. In addition, the inventive tool 1013 carries out 
data communication with backing store 1011 and PCIe con 
troller 1007 (which, in turn may communicate with elements 
outside the FPGA (e.g., a host Such as a laptop computer, a 
desktop computer, a server or the like)). 

In an embodiment of the present invention, the readback of 
the log data, from the FPGA to the host including, e.g., a 
processor can be in-band. That is, both data and debug infor 
mation can be communicated over the same communication 
interface between the host and FPGA (this in-band commu 
nication may or may not perturb timing behavior of the host, 
the FPGA and/or the hardware-software co-execution). 

In another embodiment of the present invention, the read 
back of the log data (from the FPGA to the host (including, 
e.g., a processor)) may be out-of-band. That is, each of the 
data and the debug information can be communicated over 
separate communication interfaces. That is, data may becom 
municated between the host and FPGA over a first commu 
nication interface and the debug information may be commu 
nicated between the host and FPGA over a second, different 
communication interface (e.g., an Ethernet interface for 
debugging). In various examples, this can provide non-intru 
sive read back and/or can be used to implement read back as 
a service via the Ethernet interface for remote debugging. 

In another embodiment of the present invention, the log can 
be communicated to the host (including, e.g., a processor): (a) 
during a runtime of the hardware-Software co-execution sys 
tem; (b) at the end of execution by the hardware-software 
co-execution system; or (c) a combination thereof. 

In another embodiment of the present invention, the log can 
be communicated to host (including, e.g., a processor) overan 
Ethernet channel as a UDP/TCP Service. 

In another embodiment of the present invention, any steps 
described herein may be carried out in any appropriate 
desired order. 
As described herein is the design and implementation of a 

tool which is a non-intrusive, FPGA-agnostic debugging 
framework for running FPGA systems. 
As described herein is a replay mechanism to reproduce a 

cycle accurate system-wide simulation of events as they hap 
pened in FPGA. This makes the whole design visible rather 
than just the points being tapped. 
As described herein is a static performance evaluation 

showing the area and BRAM overhead of the inventive tool in 
absolute terms and relative to XILINX CHIPSCOPE, and 
demonstrating the inventive tool’s lack of impact on clock 
frequency. 
As described herein is a dynamic performance evaluation 

showing how long an execution can be recorded and replayed 
by the inventive tool for a number of different benchmarks. 
As described herein, trace-based execution playback in a 

hardware-software co-execution system (the hardware-soft 
ware co-execution system comprising at least one processor 
and at least one FPGA) may be implemented in the form of 
systems, methods and/or algorithms. 

In one embodiment, operation can be as follows: Create a 
trace of events (along with timestamps) happening at the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
hardware-software boundary. Use the trace to replay the 
sequence of events in a hardware simulation on a host 
machine for debug and/or performance analysis purposes. In 
one specific example, the reproduction of events is a 100% 
clock cycle accurate reproduction of events for the whole 
system (not just the tap points). In another specific example, 
virtually unlimited trace storage capability may be provided 
by using off-chip memory storage (e.g., DDR-SDRAM/ 
QDR-SRAM). In another specific example, the trace can be 
communicated to the host during runtime and/or at the end of 
execution. In another specific example, the trace can be col 
lected from the FPGA remotely over an Ethernet channel as a 
UDP/TCP Service. 

FIG. 11 shows a hardware configuration of computing 
system 1100 according to an embodiment of the present 
invention. As seen, this hardware configuration has at least 
one processor or central processing unit (CPU) 1111. The 
CPUs 1111 are interconnected via a system bus 1112 to a 
random access memory (RAM) 1114, read-only memory 
(ROM) 1116, input/output (I/O) adapter 1118 (for connecting 
peripheral devices such as disk units 1121 and tape drives 
1140 to the bus 1112), user interface adapter 1122 (for con 
necting a keyboard 1124, mouse 1126, speaker 1128, micro 
phone 1132, and/or other user interface device to the bus 
1112), a communications adapter 1134 for connecting the 
system 1100 to a data processing network, the Internet, an 
Intranet, a local area network (LAN), etc., and a display 
adapter 1136 for connecting the bus 1112 to a display device 
1138 and/or printer 1139 (e.g., a digital printer or the like). 

In various examples, the disclosed mechanisms can be 
used to evaluate the performance at a fine-grained level. In 
various examples, the log can be read back into the host to 
which the FPGA is connected to and/or the log could be read 
back remotely using a network interface (this facilitates 
remote analysis/debugging of designs). 
As described herein, various embodiments may operate in 

the context of compilers, development tools, Software envi 
ronments, Software testing, Software maintenance, program 
ming languages, interpreters, program analysis, object tech 
nology and/or garbage collection. 
As described herein, various embodiments may operate in 

the context of computer-embedded systems; computer-hard 
ware; computer-software; computer-server, computer-work 
station. 
As described herein, various embodiments may provide for 

the probing of internal logic. 
As described herein, the inventive tool framework can 

record data at key points in an FPGA design and then use a 
trace to run a cycle accurate simulation of the whole design. 
It has been shown that inventive tool is non-intrusive to the 
user application both in terms of its impact on applications 
synthesizable frequency and the runtime behavior. Unlike 
most of the typical alternatives, inventive tool can, in one 
example, be used with FPGAs from any vendor. The inventive 
tool complements the HLS framework in providing a com 
prehensive Solution to debugging functional and runtime 
bugs. 

In another example, the inventive tool uses the communi 
cation channel but only either at the end of the application or 
when the application is idle. 

In another example, logs (traces) may be sent to the host in 
real-time and/or in a batch process. 
As described herein is a framework for cycle accurate 

record and replay of running FPGA systems to do debugging 
and performance analysis. 
As described herein is an FPGA-based runtime component 

and a host-based post processor (e.g., for analysis). 
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As described herein is a framework that can simulate a 
particular channel with a cycle-accurate reproduction. 
As described herein is a framework to use the trace to do a 

cycle accurate HDL simulation for performance analysis and/ 
or debugging a failing test case. 

In another example, mechanisms are provided: (a) to 
reduce overhead (e.g., delta encoding of timestamps, Source 
side data); (b) for logging (host)+timestamping (FPGA); (c) 
for remote debugging (e.g., as a service over network); (d) for 
advancing simulation; and/or (e) for RAS (Reliability, Avail 
ability, and Serviceability) support. 
As described herein is a tool that logs non-deterministic 

data and timing information, extracts it from the FPGA, and 
uses it for cycle-accurate replay of the entire execution in 
simulation. In one example, this allows interactive debugging 
with full visibility into the design. 
As described herein are measurements showing that inven 

tive tool does not affect synthesizable clock frequency, there 
fore providing completely non-intrusive instrumentation. 
When logging to external memory, the inventive tool con 
sumes fewer BRAMs than XILINXCHIPSCOPE while log 
ging several orders of magnitude more data and providing full 
replay capability, at the cost of a modest amount of additional 
logic, primarily due to the memory controller itself. 

FIG. 12 shows a method implemented at least in part in an 
FPGA for analyzing the FPGA. As seen in this FIG. 12, the 
method of this embodiment comprises: at 1201-determin 
ing, by the FPGA, a plurality of events that occur in the 
FPGA; at 1203—associating, by the FPGA, a timestamp with 
each of the determined events; and at 1205 creating, by the 
FPGA, a log of the events and respective timestamps. 

According to the present invention, any steps may be car 
ried out in the order recited or the steps may be carried out in 
another order. 

FIG. 13 shows a computer-implemented system 1300 for 
analyzing an FPGA based upon a log of FPGA events and 
respective timestamps. This system may include the follow 
ing elements: an input element 1301 configured to receive the 
log; a replay element 1303 configured to utilize the log to 
replay a prior FPGA execution in a simulation; and an output 
element 1305 configured to output the simulation. 

Referring to FIG. 13, each of the elements may be opera 
tively connected together via system bus 1302. In one 
example, communication between and among the various 
elements may be bi-directional. In another example, commu 
nication may be carried out via network 1307 (e.g., the Inter 
net, an intranet, a local area network, a wide area network 
and/or any other desired communication channel(s)). In 
another example, Some or all of these elements may be imple 
mented in a computer system of the type shown in FIG. 11. 

In another embodiment a method implemented at least in 
partin a field-programmable gate array (FPGA) for analyzing 
the FPGA is provided, the method comprising: determining, 
by the FPGA, a plurality of events that occur in the FPGA: 
associating, by the FPGA, a timestamp with each of the 
determined events; and creating, by the FPGA, a log of the 
events and respective timestamps. 

In one example, the method further comprises utilizing the 
log to replay a prior FPGA execution in a simulation (in one 
example, this would reproduce what happens between 
events). 

In another example, the log is utilized by a host computer 
to replay the prior FPGA execution in the simulation. 

In another example, the replay of the prior FPGA execution 
in the simulation is used for at least one of: (a) debugging; (b) 
performance analysis; and (c) a combination thereof. 
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12 
In another example, a reproduction of the prior FPGA 

execution for simulation is a 100 percent clock cycle accurate 
reproduction. 

In another example, the log is stored in at least one of: (a) 
an internal memory of the FPGA; (b) a memory external to 
the FPGA; and (c) a combination thereof. 

In another example, the log is communicated to the host 
computer at a time selected from: (a) real-time, as a process 
progresses in the FPGA; (b) in a batch, after a process had 
completed in the FPGA; and (c) a combination thereof. 

In another embodiment a computer program product for 
analyzing a field-programmable gate array (FPGA) is pro 
vided, the computer program product comprising a computer 
readable storage medium having program instructions 
embodied therewith, the program instructions executable at 
least in part by the FPGA to cause the FPGA to perform a 
method comprising: determining a plurality of events that 
occur in the FPGA; associating a timestamp with each of the 
determined events; and creating a log of the events and 
respective timestamps. 

In one example, the program instructions are executable by 
a computer to cause the computer to perform a method com 
prising utilizing the log to replay a prior FPGA execution in a 
simulation. 

In another example, the log is communicated to the host 
computer at a time selected from: (a) real-time, as a process 
progresses in the FPGA; (b) in a batch, after a process had 
completed in the FPGA; and (c) a combination thereof. 

In another embodiment a computer-implemented system 
for analyzing a field-programmable gate array (FPGA) based 
upon a log of FPGA events and respective timestamps is 
provided, the system comprising: an input element config 
ured to receive the log; a replay element configured to utilize 
the log to replay a prior FPGA execution in a simulation (in 
one example, this would reproduce what happens between 
events); and an output element to output the simulation. 

In another example, the log is communicated to a host 
computer at a time selected from: (a) real-time, as a process 
progresses in the FPGA; (b) in a batch, after a process had 
completed in the FPGA; and (c) a combination thereof. 

In another example, the output element to output the simu 
lation comprises a display. 

In another embodiment, a method for analyzing a field 
programmable gate array (FPGA) is provided, the method 
comprising: determining a plurality of events that occur in the 
FPGA; associating, a timestamp with each of the determined 
events; creatingalog of the events and respective timestamps; 
and utilizing the log to replay a prior FPGA execution in a 
simulation. In one example, each of the determining, associ 
ating and creating is performed by the FPGA and the utilizing 
the log to replay is performed by a host computer or the like. 

In another embodiment a computer program product for 
analyzing a field-programmable gate array (FPGA) is pro 
vided, the computer program product comprising a computer 
readable storage medium having program instructions 
embodied therewith, the program instructions executable at 
least in part by the FPGA to cause the FPGA to perform a 
method comprising: determining a plurality of events that 
occur in the FPGA; associating a timestamp with each of the 
determined events; and creating a log of the events and 
respective timestamps. 

In another embodiment, a computer system for analyzing a 
field-programmable gate array (FPGA) based upon a log of 
FPGA events and respective timestamps is provided, the 
computer system comprising: an input element configured to 
receive the log, a replay element configured to utilize the log 
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to replay a prior FPGA execution in a simulation and an 
output element to output the simulation (e.g., display the 
simulation). 

In other examples, various embodiments may be applied in 
the context of multiple FPGAs (e.g., a multi-FPGA system). 

The present invention may be a system, a method, and/or a 
computer program product. The computer program product 
may include a computer readable storage medium (or media) 
having computer readable program instructions thereon for 
causing a processor to carry out aspects of the present inven 
tion. 

The computer readable storage medium can be a tangible 
device that can retain and store instructions for use by an 
instruction execution device. The computer readable storage 
medium may be, for example, but is not limited to, an elec 
tronic storage device, a magnetic storage device, an optical 
storage device, an electromagnetic storage device, a semicon 
ductor storage device, or any Suitable combination of the 
foregoing. A non-exhaustive list of more specific examples of 
the computer readable storage medium includes the follow 
ing: a portable computer diskette, a hard disk, a random 
access memory (RAM), a read-only memory (ROM), an eras 
able programmable read-only memory (EPROM or Flash 
memory), a static random access memory (SRAM), a por 
table compact disc read-only memory (CD-ROM), a digital 
versatile disk (DVD), a memory stick, a floppy disk, a 
mechanically encoded device Such as punch-cards or raised 
structures in a groove having instructions recorded thereon, 
and any suitable combination of the foregoing. A computer 
readable storage medium, as used herein, is not to be con 
Strued as being transitory signals perse, such as radio waves 
or other freely propagating electromagnetic waves, electro 
magnetic waves propagating through a waveguide or other 
transmission media (e.g., light pulses passing through a fiber 
optic cable), or electrical signals transmitted through a wire. 

Computer readable program instructions described herein 
can be downloaded to respective computing/processing 
devices from a computer readable storage medium or to an 
external computer or external storage device via a network, 
for example, the Internet, a local area network, a wide area 
network and/or a wireless network. The network may com 
prise copper transmission cables, optical transmission fibers, 
wireless transmission, routers, firewalls, Switches, gateway 
computers and/or edge servers. A network adapter card or 
network interface in each computing/processing device 
receives computer readable program instructions from the 
network and forwards the computer readable program 
instructions for storage in a computer readable storage 
medium within the respective computing/processing device. 

Computer readable program instructions for carrying out 
operations of the present invention may be assembler instruc 
tions, instruction-set-architecture (ISA) instructions, 
machine instructions, machine dependent instructions, 
microcode, firmware instructions, state-setting data, or either 
Source code or object code written in any combination of one 
or more programming languages, including an object ori 
ented programming language such as Smalltalk, C++ or the 
like, and conventional procedural programming languages, 
Such as the “C” programming language or similar program 
ming languages. The computer readable program instructions 
may execute entirely on the user's computer, partly on the 
user's computer, as a stand-alone software package, partly on 
the user's computer and partly on a remote computer or 
entirely on the remote computer or server. In the latter sce 
nario, the remote computer may be connected to the user's 
computer through any type of network, including a local area 
network (LAN) or a wide area network (WAN), or the con 
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14 
nection may be made to an external computer (for example, 
through the Internet using an Internet Service Provider). In 
Some embodiments, electronic circuitry including, for 
example, programmable logic circuitry, field-programmable 
gate arrays (FPGA), or programmable logic arrays (PLA) 
may execute the computer readable program instructions by 
utilizing state information of the computer readable program 
instructions to personalize the electronic circuitry, in order to 
perform aspects of the present invention. 

Aspects of the present invention are described herein with 
reference to flowchart illustrations and/or block diagrams of 
methods, apparatus (systems), and computer program prod 
ucts according to embodiments of the invention. It will be 
understood that each block of the flowchart illustrations and/ 
or block diagrams, and combinations of blocks in the flow 
chart illustrations and/or block diagrams, can be imple 
mented by computer readable program instructions. 

These computer readable program instructions may be pro 
vided to a processor of a general purpose computer, special 
purpose computer, or other programmable data processing 
apparatus to produce a machine. Such that the instructions, 
which execute via the processor of the computer or other 
programmable data processing apparatus, create means for 
implementing the functions/acts specified in the flowchart 
and/or block diagram block or blocks. These computer read 
able program instructions may also be stored in a computer 
readable storage medium that can direct a computer, a pro 
grammable data processing apparatus, and/or other devices to 
function in a particular manner, Such that the computer read 
able storage medium having instructions stored therein com 
prises an article of manufacture including instructions which 
implement aspects of the function/act specified in the flow 
chart and/or block diagram block or blocks. 
The computer readable program instructions may also be 

loaded onto a computer, other programmable data processing 
apparatus, or other device to cause a series of operational 
steps to be performed on the computer, other programmable 
apparatus or other device to produce a computer implemented 
process, such that the instructions which execute on the com 
puter, other programmable apparatus, or other device imple 
ment the functions/acts specified in the flowchart and/or 
block diagram block or blocks. 
The flowchart and block diagrams in the Figures illustrate 

the architecture, functionality, and operation of possible 
implementations of systems, methods, and computer pro 
gram products according to various embodiments of the 
present invention. In this regard, each block in the flowchart 
or block diagrams may represent a module, segment, or por 
tion of instructions, which comprises one or more executable 
instructions for implementing the specified logical 
function(s). In some alternative implementations, the func 
tions noted in the block may occur out of the order noted in the 
figures. For example, two blocks shown in Succession may, in 
fact, be executed substantially concurrently, or the blocks 
may sometimes be executed in the reverse order, depending 
upon the functionality involved. It will also be noted that each 
block of the block diagrams and/or flowchart illustration, and 
combinations of blocks in the block diagrams and/or flow 
chart illustration, can be implemented by special purpose 
hardware-based systems that perform the specified functions 
or acts or carry outcombinations of special purpose hardware 
and computer instructions. 

It is noted that the foregoing has outlined some of the 
objects and embodiments of the present invention. This 
invention may be used for many applications. Thus, although 
the description is made for particular arrangements and meth 
ods, the intent and concept of the invention is suitable and 
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applicable to other arrangements and applications. It will be 
clear to those skilled in the art that modifications to the dis 
closed embodiments can be effected without departing from 
the spirit and scope of the invention. The described embodi 
ments ought to be construed to be merely illustrative of some 
of the features and applications of the invention. Other ben 
eficial results can be realized by applying the disclosed inven 
tion in a different manner or modifying the invention in ways 
known to those familiar with the art. In addition, all of the 
examples disclosed herein are intended to be illustrative, and 
not restrictive. 
What is claimed is: 
1. A method for analyzing a hardware circuit implemented 

in a field-programmable gate array (FPGA), the method com 
prising: 

determining, by the FPGA, a plurality of events that occur 
in the FPGA: 

associating, by the FPGA, a timestamp with each of the 
determined events; 

creating, by the FPGA, a log of the events and respective 
timestamps; 

receiving, by a computer, the log; 
utilizing, by the computer, the log to replay a prior FPGA 

execution in a simulation, wherein the replay is based 
upon non-deterministic input data and timing informa 
tion in the log, and wherein the replay is performed using 
a hardware description language (HDL) code which is 
the same as that used to configure the FPGA after syn 
thesis; and 

outputting, by the computer, the simulation. 
2. The method of claim 1, wherein the computer is a host 

computer. 
3. The method of claim 2, wherein the log is communicated 

to the host computer at a time selected from: (a) real-time, as 
a process progresses in the FPGA; (b) in a batch, after a 
process had completed in the FPGA; and (c) a combination 
thereof. 

4. The method of claim 1, wherein the replay of the prior 
FPGA execution in simulation is used for at least one of: (a) 
debugging; (b) performance analysis; and (c) a combination 
thereof. 

5. The method of claim 1, wherein a reproduction of the 
prior FPGA execution in simulation is a 100 percent clock 
cycle accurate reproduction. 

6. The method of claim 1, wherein the log during execution 
is stored in at least one of: (a) an internal memory of the 
FPGA; (b) a memory external to the FPGA; and (c) a com 
bination thereof. 
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7. The method of claim 1, wherein the simulation is output 

by the computer to a display. 
8. A computer program product for analyzing a hardware 

circuit implemented in a field-programmable gate array 
(FPGA), the computer program product comprising: 

(a) a first computer readable storage medium having pro 
gram instructions embodied therewith, the program 
instructions of the first computer readable storage 
medium executable at least in part by the FPGA to cause 
the FPGA to perform a method comprising: 

determining a plurality of events that occur in the FPGA: 
associating a timestamp with each of the determined 

events; and 
creating a log of the events and respective timestamps; and 
(b) a second computer readable storage medium having 

program instructions embodied therewith, the program 
instructions of the second computer readable storage 
medium executable at least in part by a computer to 
cause the computer to perform a method comprising: 

receiving the log; 
utilizing the log to replay a prior FPGA execution in a 

simulation, wherein the replay is based upon non-deter 
ministic input data and timing information in the log, 
and wherein the replay is performed using a hardware 
description language (HDL) code which is the same as 
that used to configure the FPGA after synthesis; and 

outputting the simulation. 
9. The computer program product of claim 8, wherein the 

computer is a host computer. 
10. The computer program product of claim 9, wherein the 

log is communicated to the host computer at a time selected 
from: (a) real-time, as a process progresses in the FPGA; (b) 
in a batch, after a process had completed in the FPGA; and (c) 
a combination thereof. 

11. The computer program product of claim 8, wherein the 
replay of the prior FPGA execution in simulation is used for 
at least one of: (a) debugging; (b) performance analysis; and 
(c) a combination thereof. 

12. The computer program product of claim 8, wherein a 
reproduction of the prior FPGA execution in simulation is a 
100 percent clock cycle accurate reproduction. 

13. The computer program product of claim 8, wherein the 
log during execution is stored in at least one of: (a) an internal 
memory of the FPGA; (b) a memory external to the FPGA: 
and (c) a combination thereof. 

14. The computer program product of claim 8, wherein the 
simulation is output by the computer to a display. 


